A set of Escherichia coli sensor strains was used to evaluate the stress exerted on surrounding bacteria by germinating rice seed exudates. These biosensor strains contain Vibrio fischeri luxCDABE genes fused to the promoters of different genes involved in bacterial responses to environmental stresses. They provided clear evidence for a stress exerted by rice exudates, as shown by the induction of the universal stress protein gene usp A as well as genes of the heat shock regulon, grp E, lon and dnaK. The oxidative stress gene kat G, and the post-transcriptional ompF regulator encoded by micF were also activated. The lack of derepression of rec A, uvr A and alk A indicated that damage to the DNA was not induced in the E. coli strains tested. Interestingly, resorcinolic lipids extracted from rice root seedlings induced the same promoters as whole exudates, suggesting that these compounds may contribute to the stress exerted by seedling exudates. The results obtained with E. coli biosensors thus indicate that, in vivo, exudates may also exert a selective pressure on root-colonizing bacteria.
Introduction
During the germination process, seeds exude abundant organic compounds, that usually attract soil microorganisms present in the immediate vicinity. However, as seedlings are very susceptible to soil-born pathogenic microorganisms during their juvenile growth stages, they also produce toxic compounds to protect themselves against potential damage. In cereals, well-known examples include protective hydroxamic acids and alk(en)ylresorcinols (AR), that are germination-specific and have been reported to possess antibiotic properties (Niemeyer, 1988; Copaja et al ., 1999; Kozubek and Tyman, 1999) .
The ability of rhizosphere bacteria and plant pathogens to colonize plants despite the production of toxicants suggests that they have evolved to cope with the selective pressure exerted by the defence compounds produced by young seedlings. This raises the question of the toxic effects of these molecules on bacteria. In a global study on bacterial behaviour in the rice rhizosphere, we were interested in determining the nature and extent of selective pressures exerted on rhizobacteria under natural conditions. The first step of this study involved elucidating whether germinating rice seed exudates could exert a stress on bacteria. The analysis of rice exudate activity was made using of a set of biosensors that allows the monitoring of bacterial gene induction in real time. This set consists of plasmids where the promoters of genes belonging to the predominant stress responsive networks are fused to the bioluminescence genes luxCDABE of the marine bacterium Vibrio fischeri (Meighen and Dunlap, 1993) . Members of this set of plasmids have previously been described and proved to respond specifically to environmental stress-inducing agents (Van Dyk et al ., 1994; Belkin et al ., 1997) .
The results obtained in the present study indicate that rice exudates actually exert a general stress on E. coli sensor strains, inducing networks responding to protein damage and oxidative stresses, but not to DNA damage. Moreover, the effects of alk(en)ylresorcinols, which can be extracted from the root surface of rice seedlings (Bouillant et al ., 1994) were comparable with whole exudates, suggesting that they may participate to the plant-induced selective pressure in vivo .
ing the promoter of the universal stress protein gene ( uspA ) , the transcription of which is induced by conditions that limit cell growth, including exposure to toxic agents. UspA is associated with almost all stress stimulons so far studied in E. coli (Nyström and Neidhardt, 1994) . Following exudate exposure, a clear induction took place as depicted in Fig. 1 , which presents the luminescence produced [in relative luminescence units (RLU)] as a function of time. The response was dose-dependent, with the greatest induction occurring at an exudates concentration of 2 mg ml
The concentration range of exudates tested in our study is in accordance with the model of Gamliel and Katan (1992) that mimics the gradient of exudates produced by germinating seeds.
Alk(en)ylresorcinols (AR) were also tested and gave a similar pattern of induction, except that the highest concentration inhibited luminescence production ( Fig. 2A) . The control was treated with methanol only to ensure that uspA induction was due to AR and not to the solvent used. Results depicting the response ratios over the uninduced cells for both resorcinolic lipids assay and the methanol control are presented in Fig. 2B .
Heat shock induction
Three different heat shock gene promoters, fused to lux-CDABE genes were tested: grpE , encoding a nucleotide exchange factor, and lon and dnaK that code for a protease and a chaperone respectively (Gross, 1996) . All three promoters were strongly induced by rice seeds exudates, as well as by resorcinolic lipids. Results (expressed in RLU) for grpE and lon promoters are presented in Fig. 3 , and response ratios over the uninduced cells are summarized in Table 1 . In all cases, the greatest responses were obtained at an exudate concentration of 2-4 mg ml -1
.
To confirm that the tested bioluminescence was indeed the result of induction of the heat shock regulon, the activation of all three-gene promoters was also examined in an rpoH mutant. This gene codes for the global heat shock regulator s 32 (Gross, 1996) . Figure 4 presents the results obtained for the lon and dnaK promoters in a pair of isogenic hosts, one of which defective in rpoH . The data are presented as the response ratios for each strain as a function of exudate or AR concentration respectively. The response was dose-dependent, with the greatest again induction occurring at 2 mg ml -1 of exudates and 5 m g ml -1 AR. Data presented in Fig. 4 clearly demonstrate the control of lon and dnaK promoter induction by rpoH .
Oxidative-stress response induction
The promoters of two oxidative-stress responsive genes were tested. They represent the oxyR and soxRS regulons, the two major regulatory circuits involved in oxidative compound neutralization in E. coli . katG encodes the hydroperoxidase I (HPI) catalase and is a constituent of the oxyR regulon, which is induced by hydrogen peroxide (Demple, 1991) . The second, micF, encodes an antisense RNA that interferes with the synthesis of the OmpF membrane porin (Chou et al ., 1993) . Its activation by superoxides is mediated by SoxRS, and may be responsible for preventing the entry of redox-cycling compounds into the cells (Lynch and Lin, 1996) . For both gene promoters, a significant induction in the presence of rice compounds could be measured. The kinetics of induction of katG were different from those of the heat shock genes, with a transitory bioluminescent response that decayed rapidly (Fig. 5) . This phenomenon may be due to the synthesis of catalase by cells that has eliminated the stress factor. As with the other promoters tested, the rate of light production was highest about 50 min after the addition of the exudates. The induction of katG was highest (approximately 10-fold) at an exudate concentration of 4 mg ml
, and was strongly regulated by oxyR (Fig. 6 ). In contrast, micF induction was not affected in a soxR mutant (Fig. 6 ). As soxR was reported to be induced only by O2
∞ -or NO ∞ (Lynch and Lin, 1996) , it is possible that in this study the induction of the micF promoter was not a response to a superoxidelike stress.
Responses to DNA damage
The fusions tested for the effect of DNA damage contained the promoters of recA and uvrA of the SOS circuit, which is induced by the exposure of E. coli to agents or conditions that damage DNA or interfere with DNA replication (for review, see Walker, 1996) . alkA , one of the genes induced as part of the adaptive response to DNA alkylation by methylating chemicals (for review, see Rupp, 1996) was also tested. None of the fusions tested were induced by either whole exudates or by AR ( Table 1 ), suggesting that no DNA damage occurred (or at least, not enough to induce these stress responses). During in vitro a. All promoters presented in this table were tested in strain RFM443; except micF ¢ ::lux fusion, which was in strain DE112 (see Table 1 ). b. A ratio value of >2 indicates transcriptional activation of the lux operon; a ratio equal to 1 represents no response. Data in parentheses indicate which concentration of exudates (mg ml ) induced the maximum response ratio. c. Not determined studies on the effects of alk(en)ylresorcinols on DNA, Scannell et al. (1988) and Singh et al. (1995) found that resorcinolic lipids could mediate a Cu 2+ -induced strand scission of plasmid DNA, suggesting that they were potent mutagens. However, this required high pH and the presence of copper and oxygen, conditions that are relatively artificial. In this study, we demonstrated that DNA was apparently not altered under more natural conditions. Our results are in agreement with a more recent discovery that resorcinolic lipids conversely possess antimutagenic properties (Gasiorowski et al., 1996) .
Discussion
The rhizosphere is generally considered to be an attractive, nutrient-rich environment, for which microorganisms strongly compete (Bazin et al., 1990) . But the plant also exerts a selective pressure, by producing a wide variety of toxic compounds to protect it from infection by plant pathogens (Flores et al., 1999) . This suggests that bacteria might have to overcome a chemical stress to have access to exudates as a nutrient source and further colonize plant roots. To test this hypothesis, two steps were necessary: firstly to characterize the chemical stress exudates could exert on bacteria, and then to study how rootcolonizing bacteria (including resistant pathogens) survive the selective pressure exerted by the plant.
The first step was conducted using a set of E. coli sensor strains that were designed to detect toxicants and permit the specific identification of the stress-responsive promoters induced by the products tested . In this study, exudates produced during rice seed germination induced several stress-responsive genes in the sensor strains; the response was concentrationdependent, supporting the hypothesis that certain exudate compounds act as toxicants. Among the promoters induced by the presence of rice exudates was the promoter of uspA (Fig. 1) , which is activated in response to a wide variety of environmental stresses, as previously shown by Nyström and Neidhardt (1992) . General stress produced by exudates was further confirmed by the activation of two other bacterial defence circuits: the heat shock regulon and the antioxidant protection network. In contrast DNA damage was not caused by these compounds, as neither the SOS system nor the adaptive antialkylation circuits were induced (Table 1) .
The heat shock regulon primary function is to conserve protein conformation. Consequently, the induction of the heat shock genes grpE, lon and dnaK (Figs 3 and 4) suggests that abnormal proteins result from contact with the exudates. However, as the heat shock regulon responds in a very sensitive manner to a wide range of environmental injuries including solvent and oxidative compounds (Neidhardt and VanBogelen, 1987; Van Dyk et al., 1994) , the heat shock response to rice compounds could be part of a more global pattern.
In E. coli, two main regulatory circuits protect bacteria against active oxygen species: the oxyR and soxRS regulons. Rice compounds activated the katG promoter, and this activation was controlled by its oxyR regulator (Fig. 6) , suggesting that katG was induced by the presence of peroxide like compounds. In contrast, micF induction was not soxR dependent (Fig. 6 ), indicating that it was not induced by superoxide production (Chou et al., 1993) . In fact, micF is a central regulator involved in responses to a wide variety of environmental stresses in addition to superoxide (Pratt et al., 1996) . Its activation leads to the repression of OmpF porine synthesis, thus preventing the entry of environmental toxic compounds such as aromatic weak acids (Rosner et al., 1991) or antibiotics (Jair et al., 1995; Oh et al., 2000) .
Alk(en)ylresorcinols are linked to plant surfaces where most bacteria are located (Bouillant et al., 1994) , and they may play an important role in bacterial-plant interactions. Interestingly, alk(en)ylresorcinols extracted from the root seedlings by organic solvents induced the same bacterial promoters as rice crude exudates (Table 1) . Cereal resorcinolic lipids were previously shown to interact with biological membranes, resulting in altered properties and fluidity (for a review, see Kozubek and Tyman, 1999) . Rice seedlings alk(en)ylresorcinols are essentially composed of long unsaturated chain resorcinols (Bouillant et al., 1994) and they integrate readily into the phospholipid layers, interact with proteins, and alter their function. Thus, it was not surprising to detect a strong heat shock induction by these compounds in our study. Moreover, Inoue et al. (1997) demonstrated that a disruption of membrane properties induces a phospholipid-specific stress signal that triggers micF expression, which is in agreement with our results.
As with whole exudates, AR triggered the heat shock and oxidative-stress responses, but not the SOS circuit (Table 1) . As resorcinolic lipids are phenolics, the oxidative response could be expected, in view of recent findings that phenolics induce the oxyR network in exposed bacteria, which might result in bacterial protection against mutagenesis (Fiander and Schneider, 2000; Martinez et al., 2000) . This is in agreement with previous studies suggesting that resorcinolic lipids posses antioxidative and even antimutagenic properties (Struski and Kozubek, 1992; Gasiorowski et al., 1996) .
Conclusion
Plant roots have long been considered an attractive, nutrient-rich environment for a large number of soil microorganisms. It is now evident that several stresses are exerted on microbial communities in the rhizosphere. Besides the well-known competition between microorganisms for nutrients, recent studies also evoke stress exerted by the plant itself, in particular oxidative stress resulting from root metabolism and root-surface peroxidases (Rainey, 1999; Kim et al., 2000) . In our study, we were particularly interested in the properties of exudates alone, and demonstrated using E. coli sensor strains, that rice seedling exudates contain toxicants that also have the ability to exert a selective pressure on bacteria. It would now be interesting to study the response of these rootcolonizing bacteria to this selective pressure. Rhizosphere bacteria such as pseudomonads are known to be much more versatile than E. coli, and they possess more complex and sometimes differentially regulated circuits as reflected by their numerous sigma factors (Stover et al., 2000; Cases and de Lorenzo, 2001) . They can therefore be expected to have acquired specific regulatory circuits to cope with these types of toxicants. The identification of these operons as well as the way in which they are regulated would enhance the knowledge of genetic traits involved in bacterial rhizosphere competence.
Experimental procedures

Rice seed disinfection and exudate preparation
Rice paddy (Oryza sativa L. cv. Cigalon, Camargue, France) was disinfected with H 2 O 2 and Ca(ClO) 2 , and then rinsed with sodium thiosulphate to neutralize the oxidative stress created by seed disinfection, as previously described (Miché and Balandreau, 2001 ). To prepare rice seedling exudates, disinfected seeds were germinated in an M9 liquid medium supplemented with 1% LB medium (Sambrook et al., 1989) (100 ml per seed). The exudates which were not contaminated were collected after 30 h, frozen and lyophilized. Dry exudates were then weighed, and their concentration before lyophilisation deduced (0.8 mg ml -1 ). Before use for biolumi- et al. (1995b) nescence measurement, exudates were dissolved in deionised water to obtain a stock solution of 8 mg ml -1 .
Alk(en)ylresorcinol (AR) preparation
The extraction of AR from rice root seedling was conducted as previously described (Bouillant et al., 1994) . Briefly, rice seeds were dehusked, surface-sterilized (Miché and Balandreau, 2001 ) and germinated in the dark on 8.5 g l -1 sterile agar bottles at 28∞C. Roots of 6-day-old seedlings were then dipped in 100 ml CH 2 Cl 2 before the solvent was evaporated and crude extracts suspended in 200 ml methanol. Mixed rice alk(en)ylresorcinols [mainly consisting of 5-(12-heptadecenyl)-resorcinol, Bouillant et al., 1994] were then purified and quantified by HPLC [C18 Microbondapak column (Waters), flow 1 ml min -1 , isocratic solvent MeOH-HOAc, 0.2% (9:1), analysis made with a photodiode array detector (990 Waters)] using a 5-pentadecylresorcinol control as a standard (The Sigma-Aldrich Library of Rare Chemicals, Milwaukee, WI, USA).
Plasmids and bacterial sensor strains used for bioluminescence measurement
All strains were E. coli K-12 derivatives. All contained a multicopy plasmid carrying five structural lux genes of Vibrio fischeri (luxCDABE), coding for both the bacterial luciferase and the enzymes regenerating its substrate (avoiding the need to add luciferase substrate exogenously). On these plasmids, the lux operon known regulatory genes (luxR and luxI) and their original promoters are deleted (Meighen, 1994; Meighen and Dunlap, 1993) and the luminescence system is under the control of specific E. coli promoters. Construction of the plasmids was reported elsewhere and bacterial strains, plasmids and references are listed in Table 2 .
Stress response gene induction and bioluminescence measurement
Escherichia coli strains were grown overnight at 26∞C in LB broth (Sambrook et al., 1989) supplemented with kanamycin (25 mg ml -1 ). The cultures were diluted to 10 7 cells ml -1 and regrown under the same condition but without antibiotic until a concentration of 0.5-1 ¥ 10 8 cells ml -1 was obtained. A twofold dilution series of the tested sample (rice exudates or AR) in LB was prepared in opaque white microtitre plates (Dynatech, Denkendorf, Germany) to a final volume of 50 ml in each well, to which 50 ml of the early exponential cell suspension was added. Plates were incubated at 26∞C in a temperature-controlled microtitre plate luminometer (Lucy1; Anthos Labtec Instruments, Salzburg, Austria), allowing continuous real-time measurement of the emitted light. All experiments were run in duplicate and were repeated two to three times. Luminescence values are presented as arbitrary relative light units (RLU) or as the luminescence ratio of the treated cells to that of the control (response ratio). In each assay, a positive control known to activate the specific lux fusion tested, was incorporated. These were: ethanol (5%) for the positive induction of promoters of grpE, lon, dnaK, uspA and fabA; nalidixic acid (1.5 mg ml -1 ) for the positive control to induce recA and uvrA promoters; and H 2 O 2 (50 mg ml -1 ), paraquat (methyl viologen, 10 mg ml -1 ) and MNNG (1-methyl-3-nitro-1-nitrosoguanidine, 10 mg ml -1 ) were used to induce the katG, micF and alkA promoters respectively.
